The research field of real samples is pretty much complicated than the study of other systems. However, the inherent advantages of UV−vis absorption spectroelectrochemistry should overcome some difficulties related to direct measurements in complex matrices. For this reason, a singular spectroelectrochemistry device has been fabricated and validated. The novel cell is based on single-walled carbon nanotubes which are filtered and subsequently press-transferred on a polyethylene terephthalate support using a stencil with a custom design. With this new methodology, working, counter, and reference electrodes are completely flat on the surface where two optical fibers are fixed in a long optical path length configuration. In order to demonstrate the usefulness of this device and the power of spectroelectrochemistry techniques to solve problems of the current world, this device is used to quantitatively detect the concentration of ascorbic acid in a complex matrix such as a fruit, directly, without any previous sample pretreatment. The ease to fabricate the device, the advantages related to its use, and the excellent results obtained not only with univariate but also with multivariate analysis, shed more light on the analysis of samples as they occur in nature. According to the particular features of this cell, to the best of our knowledge this is the first spectroelectrochemical sensor that can be inserted directly in a biological matrix, laying the groundwork to perform in vivo measurements in a near future.
Teamwork is a decisive factor in the current world to solve important problems in all working environments. Increasingly, companies require to their employees broad powers in terms of dialogue and teamwork skills. In parallel, the development of analytical techniques based on the successful marriage between techniques of different nature allows researchers to obtain fascinating results. Spectroelectrochemistry 1,2 is a "teamwork technique" that joins the best of electrochemistry and spectroscopy together. This hybrid technique studies simultaneously not only the electrochemical but also the spectroscopic evolution of an electron-transfer process. Therefore, spectroelectrochemistry, by definition, allows us to obtain information with at least two signals of different nature at the same time, an uncommon but very powerful feature. As can be inferred, this multiresponse technique has been applied in a large number of fields, including, for example, electron transfer processes, 3 reaction mechanisms, 4 electrocatalysis, 5 conducting polymers, 6 solar cells, 7 memory devices, 8 supercapacitors, 9 synthesis of nanoparticles, 10 carbon nanomaterials, 11 characterization of metal complexes, 12 liquid/liquid interfaces, 13, 14 electrochromic materials, 15 and the study and determination of compounds of biological interest. [16] [17] [18] [19] It is noteworthy that, at present, the technical developments allow us to perform spectroelectrochemistry measurements with much chemical information for the quantification of analytes and for the comprehension of their reaction mechanisms. 16, 18, [20] [21] [22] Nanotechnology is playing a crucial role during these last years, improving the quality of life in many different fields. In this sense, the importance of carbon nanomaterials, in particular carbon nanotubes, 23, 24 is evident. This fact is due to the unique and exceptional properties of carbon nanotubes, highlighting mechanical, thermal, optical, electronic, and catalytic properties, 25, 26 that make them a highly promising carbon allotrope with a wide range of applications. 27, 28 Particularly, the use of carbon nanotubes in different branches of medicine, [29] [30] [31] [32] specially sensors, [33] [34] [35] is increasing steadily in recent years, with particular emphasis on biocompatibility. 36 In general, electrodes based on carbon nanotubes are extensively used for electroanalytical applications, and, definitively, in the electrochemical detection of biomolecules. 18, [37] [38] [39] In fact, single-walled carbon nanotubes (SWCNTs) networks are very effective for trace level measurements which have proved inaccessible to other electrode materials. 40 According to these excellent electrochemical properties of SWCNTs, an interconnected network of this carbon nanomaterial acts as a fantastic electrode for electrochemistry and spectroelectrochemistry. 41, 42 As is well known, there are interesting works about electrochemistry in complex samples, being even possible to perform in vivo electrochemistry. [43] [44] [45] [46] [47] Nevertheless, although spectroelectrochemistry offers inherent advantages and provides more information about physicochemical processes than electrochemistry, the promising field of the study of complex matrices and living or real samples by spectroelectrochemistry [48] [49] [50] is still taking its first steps. Actually, to the best of our knowledge, and apart from few very interesting devices, [51] [52] [53] there is a lack of UV−vis absorption spectroelectrochemistry devices that allow us to perform direct measurements in complex matrices, probably due to the intrinsic difficulties to develop devices able to carry out such experiments. The main difficulties in complex sample detection are the presence of interfering species, the absence of the in situ character, the high cost of the equipment, the long analysis times, or the difficulty of the experimental devices. Aiming to solve these problems and to shed more light in these scientific areas, a new spectroelectrochemistry device is proposed in this work, totally movable and capable of being inserted in in vivo samples. As demonstrated below, this device overcomes the drawbacks mentioned before.
With this objective, we rely on two developments performed in our group that have aroused great interest in the research community. The first one is the development of several methodologies to fabricate SWCNT networks by filtration to be transferred on different supports for spectroelectrochemistry applications, 18, 41, 54 among others. The second one is the use of bare optical fibers without cladding material to conduct the light beams in parallel and bidimensional spectroelectrochemistry. 18, 54, 55 It is worth noting, with respect to this last point, the successful use of optical fibers in biochemical applications. 56 By combining all the advantages demonstrated in these works, a novel device with the three electrodes completely flat in the support and the optical fibers attached thereto has been successfully developed. This UV−vis absorption spectroelectrochemistry device is used to fulfill the main goal of this work, which is the direct determination of compounds of biological interest in a complex matrix, without any previous sample pretreatment. As a proof of concept, a grapefruit was chosen as target to quantify directly its ascorbic acid (AA) concentration.
Undoubtedly, the easy-to-use device presented in this work provides independent and complementary information and brings together the best features of both electrochemistry and spectroscopy to contribute to the use of spectroelectrochemistry in real environments.
EXPERIMENTAL SECTION
Reagents and Materials. SWCNTs (Sigma-Aldrich), 1,2-dichloroethane (DCE, 99.8% for HPLC, Acros Organics), polytetrafluoroethylene (PTFE) membranes (filter pore size 0.1 µm, JVWP01300, Millipore Omnipore), polyethylene terephthalate (PET, 175 µm thick, HiFi Industrial Film), silver conductive paint (Electrolube), HCl (35%, VWR), and transparent nail polish (Essence) were used to fabricate the electrodes. Two bare optical fibers (100 µm in diameter, Ocean Optics) were needed to fabricate the spectroelectrochemistry device. Ferrocenemethanol (FcMeOH, 97%, Acros Organics), KCl (Acros Organics), AA (L(+)-ascorbic acid, Acros Organics), LiClO 4 (Panreac), and 2,6-dichloroindophenol sodium salt hydrate (DCIP, Sigma-Aldrich) were used to prepare the solutions.
All reagents were used as received without further purification. All chemicals were of analytical grade. Aqueous solutions were freshly prepared using ultrapure water (18.2 MΩ cm resistivity at 25 ºC, Milli-Q Direct 8, Millipore).
Instrumentation. Spectroelectrochemistry setup includes a potentiostat/galvanostat (PGSTAT302N, Metrohm Autolab), a halogen-deuterium light source (AvaLight-DH-S-BAL, Avantes), and a spectrometer (QE65000 198-1006 nm, Ocean Optics). A tip-sonicator (CY-500, Optic ivymen System) was also used to disperse the SWCNTs in DCE. Stencils were made of polymethyl methacrylate (PMMA, Maniplastic) using a high-precision CO 2 laser cutting machine. A laboratory hydraulic press (SpectroPress, Chemplex Industries, Inc.) was also used to transfer the SWCNT film, obtained by filtration, on the PET substrate.
Safety Considerations. All handling and processing were performed carefully, particularly when DCE was used.
Transference of SWCNTs Using a Stencil. The transference of carbon nanotubes films of different shapes on many supports is required for several applications. Herein, we present a methodology based on filtering a SWCNT dispersion and press-transferring the SWCNT film formed to a PET sheet using a stencil with the desired shape.
The first step to achieve a good SWCNT transference is to obtain a homogeneous dispersion of 0.5 mg of SWCNTs in 100 mL of DCE. The procedure followed in this work has already been described elsewhere. 54 Briefly, 0.5 mg of SWCNTs were weighed and sonicated in increasing volumes of DCE applying different sonication power levels. 10 mL of the final dispersion were sonicated before preparing the transfers to avoid SWCNT agglomeration and to ensure a good homogeneity. Subsequently, 0.8 mL of the SWCNT dispersion were filtered under vacuum through a PTFE filter, resulting in a homogeneous film of SWCNTs on the membrane surface. By filtering 0.8 mL of the dispersion through a membrane area of 0.785 cm 2 , the amount of SWCNTs that remained in the membrane was enough to form an interconnected network of SWCNTs with highlighted conductivity. 41 Next, filter was dried at room temperature for only five minutes because longer times imply wrong transferences. Afterward, the filter was placed between the stencil and the PET support, which was previously washed with water and dried, taking care that the polymeric substrate did not acquire static electricity because it decreases the transference quality. Figure S1 of the Supporting Information shows an illustration about the experimental setup used to fabricate the SWCNT press-transfers with a stencil. Finally, the filter was carefully detached using tweezers. As a result, SWCNTs were transferred on the PET support according to the chosen shape of the stencil.
Fabrication of the Electrochemical Device. The preparation process of the electrodes is quite simple. Electrical con-tacts were made with silver conductive paint. One of the small transfers was also covered with this material aiming to constitute the reference electrode (RE). Next, silver conductive paint was dried at 75 ºC for 45 minutes. A drop of HCl in water, 1:10 dilution, was added to the silver RE to form a Ag/AgCl RE. Finally, the electrical contacts were electrically isolated with nail polish which was dried at room temperature. This insulator is also used to control the working electrode (WE) area. The excellent reproducibility of electrodes based on the press-transference of carbon nanomaterials was demonstrated in one of our previous works. 42 Therefore, a three-electrode cell with a WE and a counter electrode (CE) of SWCNTs and a Ag/AgCl RE has been fabricated.
Fabrication of the Spectroelectrochemistry Device. Two bare optical fibers of 100 µm in diameter were easily and perfectly aligned, opposite one another, and fixed with nail polish to the PET support, allowing the parallel light beam to pass only through the first 100 µm of solution layer adjacent to the SWCNT WE. The optical path length is defined as the distance between the ends of the two bare optical fibers, which can be easily controlled with the use of a piece of the desired length, helping to study the electron transfer of compounds with very different molar absorption coefficients. For the sake of clarity, Figure 1 shows an illustration to scale of the final spectroelectrochemistry device. In addition, a photograph of the spectroelectrochemistry device with the different steps of its fabrication can be observed in Figure S2 of the Supporting Information.
Experimental Setup for UV−vis Absorption Spectroelectrochemistry Measurements. The ease to perform spectroelectrochemistry measurements is one of the key points of this device. As is shown in Figure 1 , the electrical contacts are connected to the potentiostat, one of the optical fibers to the UV−vis light source and the other one to the spectrometer. The transmitted parallel light beam collects the spectral changes that occur between the optical fibers and that are related to the processes that take place only in the first 100 µm of the electrode-solution interface, being the electrochemical signal simultaneously recorded in a single experiment. The potentiostat and the spectrometer are properly synchronized using a trigger that guarantees the simultaneous character of all spectroelectrochemistry experiments.
The detection mechanism of the device toward the target molecules is based on the principles of spectroelectrochemistry in long optical path length Figure 1 . Illustration of the spectroelectrochemistry device. The detection mechanism of the device toward the target molecules is described in the main text.
arrangement. The analyte is oxidized or reduced in the surface of the WE, where is electrochemically detected, and, simultaneously, the oxidized or reduced analyte is spectroscopically detected when it diffuses from the WE surface to the bulk solution. In our case, as the diameter of the bare optical fibers, which are fixed to the support, is 100 µm, the oxidized or reduced analyte is spectroscopically detected in the first 100 µm of the diffusion layer of the solution adjacent to the WE surface.
Inherent advantages associated with long optical path length spectroelectrochemistry devices such as the one developed herein, should be highlighted instead of common normal configuration devices: (i) a higher sensitivity and, thus, lower limits of detection; (ii) the use of optically transparent electrodes is not required; and (iii) the light beam only samples the first micrometers of the solution adjacent to the electrode surface, so the spectral changes recorded during the electrochemical reaction are only related to the electrode-solution interface. Several great advantages related to the new transfer methodology and the spectroelectrochemistry device presented in this work should be mentioned. Filtering SWCNT dispersions without surfactants and removing the filter without chemicals allow us to obtain homogeneous, reproducible, and clean SWCNT transferences. Furthermore, the use of stencils with a customized design guarantees a great versatility about the number, shapes, and sizes of the transferences, and, in this case, of the electrodes. Any stencil can be designed; hence, any three-electrode spectroelectrochemistry cell can be fabricated. Moreover, the different transferences made at the same time with the stencil serve to remove the typical homemade Ag/AgCl/KCl 3 M RE and the platinum or gold wire CE used in previous works, 18 making it possible to perform spectroelectrochemistry experiments in a simpler way. In addition, the three electrodes are completely flat on the surface of the PET support where the optical fibers are strongly attached, allowing a good reproducibility and an easy mobility of the whole device. One of the main advantages of this spectroelectrochemistry device and this experimental setup is the high versatility. A lot of parameters, such as the optical path length or the integration time, can be selected by the researcher for each problem to be solved. For example, the control of the optical path length allows us to improve the sensitivity and the capability of detection of the spectroelectrochemical sensor. As demonstrated below, this device enables us to perform spectroelectrochemistry measurements in complex matrices. In addition, this work serves as a starting point for future in vitro experiments, being a promising approach to in vivo spectroelectrochemistry.
RESULTS AND DISCUSSION
Validation of the Spectroelectrochemistry Device. FcMeOH has been used to validate the device. This compound undergoes a reversible electrochemical process of one electron in a simple, well-defined, and diffusion-controlled way, being widely used as a probe in electrochemistry and recently in spectroelectrochemistry. 54 Several spectroelectrochemistry experiments of 5 × 10 −4 M FcMeOH in 0.1 M KCl between −0.20 V and +0.50 V at different potential scan rates are represented in Figure 2 and Figure S3 of the Supporting Information. The optical path length was set at 1.45 mm and a full spectrum was taken every 250 ms, for which the halogen-deuterium light source was employed because the spectral changes related to FcMeOH take place in the UV (deuterium) and in the visible (halogen) region. 54 A 100 µL solution drop, which was changed after every measurement, was placed in the spectroelectrochemistry device covering the three electrodes and the ends of the optical fibers, allowing us to work in a semi-infinite diffusion regime. Figure 2a shows the 3D plot of the spectra evolution with time/potential recorded during a cyclic voltammetry performed at a potential scan rate of 0.010 V s −1 . The corresponding cyclic voltammogram (blue line of Figure 2b) shows an anodic peak at +0.185 V and a reduction peak at +0.099 V. As has been previously reported, 54 the three absorption bands observed in Figure 2a at 260, 282, and 630 nm evolve according to the potentiodynamic experiment, and are attributed to the electrogeneration of the oxidized form of the redox couple, FcMeOH + , taking into account that the reduced form, FcMeOH (initial solution), was taken as reference spectrum.
In order to compare both the electrochemical and spectroscopic responses, the cyclic voltammogram at 0.010 V s −1 is overlapped with the corresponding voltabsorptogram at 282 nm (blue and green lines of Figure 2b , respectively). The great agreement between the two signals assures that the light beam passes through the first 100 µm of the solution layer closest to the SWCNT WE and that both the potentiostat and spectrometer are properly synchronized. The electrochemical reaction produces a concentration gradient that is observed in the voltabsorptograms at 282 nm at different potential scan rates shown in Figure S3 of the Supporting Information, where are briefly described along with the two different behaviors that can be observed taking into account the potential scan rate. In addition, an experiment of 0.1 M KCl at 0.010 V s −1 was carried out at the end of all the measurements to demonstrate that there are no spectral changes with potential in a blank solution. Therefore, parallel measurements include information about the global quantity of FcMeOH + present in the electrode-solution interface, its diffusion, its spatial distribution, and its position with respect to the electrode surface.
All these observations are entirely consistent with previous results. 54 The validation of this novel spectroelectrochemistry device demonstrates its excellent performance. Next, it is used to quantify directly the amount of AA present in a complex matrix.
Determination of AA in a Complex Matrix. AA, as other vitamins, is an essential biomolecule that must be ingested through diet. Deficiency of AA is related to scurvy, 57 thus, its determination, for example by electrochemical methods, 58 is highlighted. It should be noted that AA has been scarcely studied by UV−vis spectroelectrochemistry, 51, 59, 60 while the quantification of AA by this in situ technique has been performed in an indirect way by using a mediator. 61 The need to simplify and improve the existing methodologies to carry out experiments in a suitable manner for real samples and the powerful features associated with spectroelectrochemistry techniques have led us to perform the work presented herein. Taking all these facts into account, and once that the experimental UV−vis spectroelectrochemistry device has been validated, the quantitative determination of AA directly in a grapefruit is carried out without any sample pretreatment.
Potentiostatic spectroelectrochemistry measurements of different concentrations of AA between 1 × 10 −4 M and 3.5 × 10 −3 M in 0.1 M LiClO 4 , applying a constant potential of +0.90 V during 60 s, were performed to construct a calibration curve, assuring that the electrochemical oxidation of AA was taking place independently of the matrix studied, as will be indicated below. Seven cycles in a cyclic voltammetry experiment in 0.1 M LiClO 4 (E i = −0.50 V, E v1 = +1.40 V, and E v2 = −1.40 V) at 0.050 V s −1 were performed prior to the calibration curve to condition the SWCNT WE. Spectral changes related to AA only occur in the UV spectral range, especially around 252 nm, so that only the deuterium light source was used. As the AA concentration in the grapefruit is presumably high, the optical path length was shortened to 0.45 mm, allowing to reduce the integration time to 110 ms to obtain more data, compared to the parameters of 1.45 mm and 250 ms of the previous validation section. A 200 µL solution drop was placed in the spectroelectrochemistry device and the initial AA solution of each experiment was taken as reference spectrum. This set of calibration samples was employed to evaluate the capability of the spectroelectrochemistry device to quantify AA. An example of the results obtained using a solution 1 × 10 −3 M AA in 0.1 M LiClO 4 and applying a constant potential of +0.90 V during 60 s is shown in Figure 3 .
The chronoamperogram shown in Figure 3a is associated with the electrochemical reaction corresponding to the oxidation of AA to dehydro-L-ascorbic acid (DHA) whose carbonyl groups undergo hydration yielding an electroinactive product. 58, 62 The overall reaction can be summarized in the following simplified mechanism:
AA ⇄ DHA + 2H + + 2e The inset of Figure 3a shows the 3D plot of the spectra evolution with time obtained during the amperometric experiment. It displays the decrease of the absorbance in the UV region, concomitantly with the electrochemical signal, that is related to the consumption of AA, according to the reaction mechanism. Therefore, the oxidation process of AA to DHA is observed both in the chronoamperogram and, simultaneously, in the UV region, by the decrease of the absorbance.
The evolution of the absorbance at 252 nm is represented in Figure 3b . This wavelength was selected because 252 nm is an isosbestic point where ascorbate monoanion and AA have the same molar absorption coefficient. 63, 64 As can be seen, the decrease of the absorbance at 252 nm from the beginning of the experiment confirms the oxidation of AA to DHA and its diffusion from the SWCNT WE surface to the bulk solution when a potential of +0.90 V is applied. Once again, the good agreement between electrochemical and spectroscopic signals should be highlighted, making it possible to corroborate the electrochemical behavior of AA taking into account the spectral response. When a set of calibration samples of AA, such as the one outlined above, is analyzed, the higher current intensities and the higher absorbance changes at 252 nm are related to the increase in the AA concentration. In view of the electrochemical and optical signals shown in Figure 3 , short times are associated with a better sensitivity for an electrochemical calibration while long times are related to a better sensitivity for a spectroscopic calibration. Then, 25 s was selected as an optimal time to provide good results, aiming to sample both signals at the same time.
Therefore, two univariate calibration curves in the 1 × 10
M − 3.5 × 10 −3 M concentration range were obtained using an ordinary least squares (OLS) regression model and taking (i) the current intensity at 25 s and (ii) the absorbance at 252 nm at the same time, for the electrochemical and the spectroscopic signals, respectively, versus AA concentration. Both electrochemical and spectroscopic univariate calibration curves (panels a and b of Figure S4 of the Supporting Information, respectively) were tested to evaluate their prediction capability. For this purpose, the prediction of the concentration of a test sample of 1.6 × 10 −3 M AA in 0.1 M LiClO 4 was performed under the same experimental conditions described above. The re-gression parameters of these calibration curves along with the predicted concentrations obtained with both of them for the test sample of AA are displayed in Figure S4 of the Supporting Information and in the first two rows of Table 1 . As can be observed, good relationships between the two variables and AA concentration were obtained. In addition, both electrochemical and spectroscopic calibration curves correctly estimate the concentration of the test sample of AA, whose value is included in the corresponding confidence intervals for the prediction, being the relative standard deviation (%RSD) for the estimations lower than 4%. All these good figures of merit demonstrate the suitability of both electrochemical and spectroscopic univariate calibration curves for the quantitative analysis of AA by spectroelectrochemistry. Detection limits were 250 and 100 µM for the electrochemical and spectroscopic calibration curves, respectively. Nevertheless, detection limits of this method are lower, 7 and 4 µM, respectively. However, as shown below, the AA concentration in the grapefruit is relatively high and the calibration curves were constructed accordingly.
After demonstrating that both electrochemical and spectroscopic methods provide valid calibration curves for the determination of AA independently of each other, the predicted concentrations with both of them are compared to corroborate that spectroelectrochemistry is an autovalidated analytical method. This autovalidated character is related to the two independent responses obtained simultaneously for each sample, which is very useful for analytical purposes. By plotting the predicted concentrations obtained with the electrochemical calibration curve versus the predicted concentrations calculated with the spectroscopic calibration curve, the regression parameters were 1.00 ± 0.07 for the slope and [0.05 ± 1.5] × 10 −4 for the intercept (R 2 = 0.995, S yx = 9.5 × 10 −5 ). Consequently, with the slope being equal to unity and the intercept equal to zero, both electrochemical and spectroscopic signals determine AA without distinction, proving that UV−vis absorption spectroelectrochemistry is an autovalidated method for quantitative analysis. Thus, the trueness of this analytical method has been demonstrated according to IUPAC suggestions that indicate that results obtained with a method should be validated with a second and independent one.
Finally, the quantification of AA in a complex matrix such as a grapefruit was performed without any previous pretreatment of the sample. An incision was made in the equatorial region of the fruit and the spectroelectrochemistry device was placed inside. Before all measurements, experiments using cyclic voltammetry were performed in the grapefruit, allowing us to conclude that +0.90 V is a potential high enough to make sure that the electrochemical oxidation of AA takes place in the grapefruit. Figure 4 displays a photograph of the experimental setup with the spectroelectrochemistry cell placed inside the grapefruit, not only to show this new methodology but also to give an idea about the great novelty, ease, robustness, and the analytical possibilities opened up by this spectroelectrochemistry device in comparison with traditional spectroelectrochemistry experiments. Figure S5 of the Supporting Information shows the spectroelectrochemistry measurements in the grapefruit, under the same experimental potentiostatic conditions as before. In this figure, the oxidation of AA is easily observed in both electrochemical and spectroscopic responses, exhibiting a behavior very similar to that indicated in Figure 3 . As can be observed in the first two rows of Furthermore, in order to triple check these two values, autovalidated in itself, measurements based on an AOAC official method of titration of AA with DCIP 65 were carried out immediately after performing the spectroelectrochemistry measurement, obtaining a value of [2.08 ± 0.06] × 10 −3 M for the concentration of AA in the grapefruit juice. This last result verifies the reliability of the results obtained by UV−vis absorption spectroelectrochemistry for the determination of the AA concentration inside the grapefruit without performing any previous sample pretreatment. In order to prove the innovation related to the spectroelectrochemistry method, two main advantages should be mentioned: (i) spectroelectrochemistry provides two simultaneous and autovalidated results and (ii) a titration is impossible to be carried out directly in a grapefruit.
Specificity and anti-interference properties are inherent to spectroelectrochemistry experiments due to the impossibility of finding two compounds that exhibit exactly the same electrochemical behavior and identical spectroscopic properties. Excellent results in terms of specificity and anti-interference have been achieved using the spectroelectrochemical sensor to determine the AA concentration directly in a grapefruit, as demonstrated by the two values obtained by spectroelectrochemistry and the result obtained with the AOAC method. Being aware of the great variety of compounds present in a fruit sample and its complexity, the spectroelectrochemistry method has proven to be a powerful tool to quantify the amount of an analyte avoiding interferences. Actually, the 3D plot of the spectra evolution with time recorded during the spectroelectrochemistry experiment in the grapefruit (inset of panel a of Figure S5 of the Supporting Information) shows a slight decrease of the absorbance around 325 nm. This wavelength does not interfere at all with the absorption at 252 nm taken for the spectroscopic univariate calibration curve of AA, but, nevertheless, this situation could have happened. It should be noted that much more information can be extracted from spectroelectrochemistry experiments because the electrochemical signal is recorded during 60 s and a full spectrum between 198 and 1006 nm is registered with high resolution every 110 ms. For these reasons, partial least squares (PLS) multivariate regression supplies valuable information, improving the reliability of the univariate determination of AA. Three different PLS regression models were built, selecting one latent variable, to obtain three different multivariate calibration curves. On the one hand, current intensities from 25 to 50 s (1251 electrochemical times) were selected versus AA concentration for the electrochemical calibration. On the other hand, two PLS regression analysis were performed for the spectroscopic calibration selecting (i) absorbances in the spectral range between 200 and 350 nm at 25 s (187 wavelengths) and (ii) absorbances at 252 nm from 25 to 50 s (228 spectral times), versus AA concentration. The regression parameters of these multivariate calibration curves, as well as the predicted concentrations of AA in the test sample and in the grapefruit obtained with them, are shown in the last three rows of Table  1 . The autovalidated character of spectroelectrochemistry is also present in these PLS models. These multivariate models, constructed for quantitative purposes, are more useful than the univariate models to solve complex analytical problems.
CONCLUSIONS AND FUTURE PERSPECTIVES
A new UV−vis absorption spectroelectrochemistry device based on SWCNTs and bare optical fibers in parallel arrangement has been developed. To do this, a versatile, inexpensive, and quick methodology to transfer SWCNT films on a PET support using customized stencils is proposed. In order to record the spectral changes, two bare optical fibers fixed to the PET substrate sample the solution closest to the SWCNT WE. This easy-to-use device, characterized by its reduced size and the small sample volume required, allows us to obtain simultaneously electrochemical and spectroscopic information. After being validated with FcMeOH, the reaction mechanism of AA was studied. In order to assess the potential of this movable spectroelectrochemistry device, the determination of AA in a grapefruit has been performed without any pretreatment of the sample, directly placing the device inside this complex matrix. Quantification of AA has been carried out in solution and inside the grapefruit, using both the electrochemical and the spectral signals and making use of the autovalidated character of this hybrid technique. Therefore, our new long optical path length device has solved many problems to bring spectroelectrochemistry to real life.
Based on these results, we are working on new projects related to UV−vis absorption spectroelectrochemistry for the near future: (i) the miniaturization of the device; (ii) the use of PARAFAC to resolve complex mixtures of neurotransmitters and compounds of biological interest with overlapping electrochemical and spectroscopic signals; (iii) the study of other analytes in aqueous solution and in real samples such as tissues and biological fluids; and (iv) the development of a novel thin-layer cell.
In summary, the new SWCNT transfer method and the multiple advantages of this device open new perspectives for spectroelectrochemistry. Promising results with complex matrices have been achieved using univariate and multivariate statistical tools, enabling researchers from different disciplines to use spectroelectrochemistry. This work definitely represents a significant advance in this field, paving the way for in vivo spectroelectrochemistry experiments. Not long ago, all this was unthinkable. Now, all qualitative and quantitative information obtained by spectroelectrochemistry demonstrates that this technique is fundamental to address new challenges.
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